Oxalic acid, a highly toxic by-product of metabolism, is catabolized by a limited number of bacterial species by an activation-decarboxylation reaction which yields formate and CO2. oxc, the gene encoding the oxalic acid-degrading enzyme oxalyl-coenzyme A decarboxylase, was cloned from the bacterium Oxalobacterformigenes. The DNA sequence revealed a single open reading frame of 1,704 bp capable of encoding a 568-amino-acid protein with a molecular weight of 60,691. The identification of a presumed promoter region and a rho-independent termination sequence indicates that this gene is not part of a polycistronic operon. A PCR fragment encoding the open reading frame, when overexpressed in Escherichia coli, produced a product which cross-reacted antigenically with native enzyme on Western blots (immunoblots), appeared to form homodimers spontaneously, and exhibited enzymatic activity similar to that of the purified native enzyme.
Oxalic acid is one of the most highly oxidized organic compounds found in nature (6) . This property of oxalate, coupled with its ability to act as a powerful chelating agent, not only results in limited possibilities for its catabolism and use in energy production but also makes oxalate toxic to most forms of life, especially mammals. In high concentrations, oxalic acid causes death in humans and animals because of its corrosive effects, while smaller amounts can cause various pathological disorders, including hyperoxaluria, calcium oxalate stones, pyridoxine deficiency, and even renal failure (reviewed in references 8 and 17) . Unfortunately, oxalic acid is produced in large quantities as a product of metabolism by virtually all life forms. This high rate of synthesis coupled with a general inability to catabolize oxalic acid can lead to a rapid accumulation.
The requirement to deplete oxalate from the biosphere has resulted in the evolution of several distinct mechanisms for oxalate catabolism (6, 7, 9, 14, 15, 18) . Two general mechanisms are decarboxylation to yield formic acid and CO2 [as in the reaction (COOH)2 -> HCOOH + CO2] and oxidation to yield hydrogen peroxide and CO2 [as in the reaction (COOH)2 + 02-> 2CO2 + H202]. The first process can be accomplished either aerobically or anaerobically, while the second is strictly aerobic.
Oxalate-catabolizing bacteria are known to use a modification of the first mechanism. Soil bacteria, e.g., Pseudomonas oxalaticus and Thiobacillus novellus, are capable of converting oxalic acid to formic acid and CO2 in an aerobic reaction that requires ATP, coenzyme A (CoA), Mg2+, thiamine PPi (TPP), and acetate (reviewed in references 6, 9, and 12). The Despite the relative importance of oxalate anabolism/catabolism in the environment and despite the fact that the existence of these mechanisms has been known for approximately 30 years, virtually nothing is known of the genetic element(s) that controls the expression of the oxalyl-CoA decarboxylase enzyme or of its evolutionary interrelationships with other oxalate-degrading enzymes. Thus, as a first step, we have cloned and sequenced the oxalyl-CoA decarboxylase gene, oxc, of the obligate anaerobic bacterium Oxalobacter formigenes.
The protocol used to isolate genomic clones containing the oxc gene has been presented elsewhere (10) . Both the positive and negative strands of the DNA fragment containing oxc were sequenced and included 428 bp upstream and 275 bp downstream of the coding region. Sequencing was carried out by using the dideoxynucleotide chain termination reaction (13) 
1705 1720 1769 and between positions 1772 and 1783 followed by seven The presence of an in-frame TAA stop codon at position thymidines suggests a rho-independent termination sequence 1705 followed by multiple in-frame stop codons indicates that (19) . These data, together with the observation that no addi- (1) , and the formyl-CoA transferase enzyme, which cycles the CoA moiety from the formate molecule to a new oxalate molecule (4).
The deduced amino acid composition of oxalyl-CoA decarboxylase is presented in Table 1 together with the amino acid composition determined by standard 6 N HCl hydrolysis. The calculated molecular weight of this gene product is 60,691, and it has a pl of 6.1. A comparison of the number of lysine plus arginine residues (59 residues) with the number of aspartic acid plus glutamic acid residues (63 residues) reveals a surplus of acidic amino acids, in line with the isoelectric point observed in isoelectric focusing of the native enzyme (reference 3 and unpublished data). To immunoblotting. Mr determinations for the cloned product revealed that two isolates of pDROxl, pDROxl.a and pDROxl.b, produced protein products with the same molecular weight as the native oxalyl-CoA decarboxylase protein, while the product of pDROxt had a molecular weight of less than 60,000 (Fig. 2) . No product was produced by pDROxr (data not shown). The molecular weight of the cloned gene product under nondenaturing conditions was determined by first separating extracts of pDROxl.a-transformed E. coli by gel filtration with a high-pressure liquid chromatography (HPLC) column and then subjecting them to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by immunoblotting.
Positive bands with an Mr of 60,000 in fractions 15, 16; and 17 ( Fig. 3) indicated that the nondenatured gene product has an Mr of approximately 120,000, suggesting that homodimers form spontaneously in transformed E. coli. If the active oxalyl-CoA decarboxylase enzyme is a homodimer, as suggested by these results, then it is similar to the oxalate decarboxylases of fungi, which are homodimers.
To confirm that the homodimeric oxc gene product expressed in E. coli could degrade oxalate in a manner similar to that of the native protein, enzymatic reactions were performed. The enzymatic activity of oxalyl-CoA decarboxylase was determined by estimating formate production by measuring the reduction of NAD in the presence of formate dehydrogenase (3). As shown in Fig. 4 , both the native and cloned forms of oxalyl-CoA decarboxylase were capable of catabolizing oxalylCoA to formyl-CoA. In contrast, lysates of the E. coli host exhibited no catabolic activity and were not inhibitory to the enzymatic activity of oxalyl-CoA decarboxylase. No enzymatic Lysates of E. coli JM103 transformed with pDROxl.a were passed through a 0.2-,um-pore-size filter, and 200 pl of the filtered lysate was injected into a gel filtration HPLC column (TSK G3000SW; Pharmacia LKB) which had been calibrated by using molecular weight marker kits. Fractions of 0.5 ml were collected, and the amount of protein in each was determined with the BioRad Protein Assay system. Each fraction was concentrated, size fractionated by SDS-PAGE, transferred by Western blotting to polyvinylidene difluoride membranes, and subjected to immunoblotting. (Right) Molecular weight standard proteins were separated by gel filtration with the same HPLC column. Fractions of 0.5 ml were collected, and each protein was identified with the fraction in which it appeared. Standard proteins included glutamate dehydrogenase (molecular weight, 290,000), lactate dehydrogenase (140,000), enolase (67,000), adenosine kinase (32,000), and cytochrome c (12,400). activity was detected in the extracts of E. coli transformed with the recombinant pDROxr or pDROxt.
Oxalyl-CoA decarboxylase is a major protein of 0. fonnigenes, constituting up to 10% of the total protein of the cell. Interestingly, the N-terminal sequence indicates that the protein begins with a Met and a Ser as the first and second amino acid residues, respectively. Because of either a natural or induced N-terminal blockage, the N-terminal sequence of the native oxalyl-CoA decarboxylase of 0. formigenes has not been revealed to date by amino acid sequencing. Virtually all bacterial proteins contain an N-formylmethionine at the N terminus when translation is initiated. Furthermore, many bacterial protein sequences contain an Ala, Ser, or Thr at position 2. However, the presence of a deformylase enzyme, which cleaves the formyl group from growing peptide chains, plus methionine aminopeptidase, which subsequently cleaves the N-terminal methionine from many bacterial proteins, results in many native bacterial proteins having Ala, Ser, or Thr at position 1 of the protein sequence (16) . Thus, it will be interesting to determine whether the oxalyl-CoA decarboxylase protein undergoes modification so that its active form begins with the amino acid serine.
Enzymes D) residing about 10 residues beyond the -GDG-sequence, generally has a conserved A or P residing about 20 residues beyond the -GDG-sequence as well as a cluster of six or seven hydrophobic amino acids immediately preceding the -NNsequence, and should form a bl-aA-b2 secondary structure. The deduced amino acid sequence of oxc predicts a putative TPP-binding motif approximately 100 amino acid residues upstream from the C-terminal end of the protein. The sequence of this putative TPP-binding region is most similar to that found in various species of acetolactate synthase (5). Interestingly, preliminary results suggest that the oxc gene of P. oxalaticus is structurally different, with its TPP-binding motif at the N-terminal region (unpublished observations).
Nucleotide sequence accession number. The nucleotide sequence reported in this paper is listed in the GenBank/EMBL data bank under accession number M77128.
